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Introduction
The use of several drugs in clinical practice is dependent on the improvement of their therapeutic effects, bioavailability, physicochemical properties and the minimizing of other undesirable side effects. Prodrugs, pharmacologically latent derivatives of active agents, can be designed to undergo *Manuscript Click here to view linked References activation through a specific stimulus. In addition to chemical and/or enzymatic triggers, light is an appealing tool to use for conversion of prodrugs to active agents in a spatially and temporally controlled manner [1] [2] [3] [4] [5] [6] [7] [8] . Butyric acid, a saturated unbranched monocarboxylic acid, is one of the short-chain fatty acids. The effects of butyric acid include the disruption of cell proliferation and induction of apoptosis; modification of cell morphology and alteration of gene expression [9] . The presence of carboxylic acids or other ionisable polar groups in drugs can result in poor absorption from the gastrointestinal tract owing to lipophilicity/solubility issues.
Light triggerable benzyl or heterocyclic benzyl esters represent a large family of photolabile protecting groups. o-Nitrobenzylic derivatives have been widely used in various applications, as they combine a satisfactory photosensitivity with a stability for handling and synthesis purposes [10] [11] [12] .
Nevertheless, o-nitrobenzyl cages exhibit some limitations, since the wavelength of excitation required for the uncaging is not necessarily the most suitable for bioapplications. The search for protecting groups with improved photochemical properties and even displaying fluorescence has motivated the incorporation of heterocyclic moieties in their design, with coumarinyl methyl groups as relevant examples. It is possible to find a wide range of derivatives possessing different combinations of substituents and/or fusion ring units for the release of various active molecules [13] [14] [15] . Recently, acridinyl methyl esters have also proved to possess the required photosensitivity for the release of carboxylic acid compounds [16] .
Considering the know-how of the authors in the field of fluorescent photoactivable molecules based on aromatic and heteroaromatic skeletons for the release of bioanalytes [17] [18] [19] [20] [21] [22] [23] [24] , in connection with the interest in the development of alternative light sensitive prodrugs, and following the previous work regarding butyric acid, a new set of oxygen and nitrogen heterocyclic cages were synthesised.
The use of these heterocyclic moieties can produce longer maximum wavelengths of absorption, allowing the photorelease of butyric acid at longer wavelengths, not detrimental to bioapplications.
It also opens the way to use two-photon excitation (TPE), where if sufficient photon flux is present two longer wavelength photons can be used to excite a sample. This is advantageous as it only occurs in a fentolitre volume and the longer wavelength photons are less likely to interact with biological material. Thus, the present work evaluates the behaviour of (acridin-9-yl)methyl, (5- Additionally, bearing in mind that the replacement of a carbonyl by a thiocarbonyl group results in an improvement in the photolytic release [23, 24] , thionated groups; namely (5-methoxy-3-thioxo-3H-naphtho [2,1-b] pyran-1-yl)methyl, (8- 
Time-resolved fluorescence measurements
Time-resolved fluorescence measurements with one photon excitation made use of the timecorrelated single-photon counting (TCSPC) technique and were performed using a HORIBA Scientific DeltaFlex, equipped with a DeltaDiode laser excitation source emitting at 378 nm and a PPD-850 detector. Analysis of each dataset was performed using DAS6 software and the decays were reconvoluted with the instrumental response and fitted to the sum of exponentials (equation 1).
Where  i are the normalised pre-exponential factors and the average lifetime was obtained from
The goodness of fit was judged in terms of a chi-squared value and weighted residuals.
Two-photon excitation (TPE) TCSPC measurements were performed using Ti:sapphire 80MHz pulsed laser (Chameleon®, Coherent, UK) equipped with a pulse selector (A.P.E. PulseSelect) picking 1:20 pulses generating an emission train at 4MHz. The fluorescence was recorded using a Horiba Scientific FluoroCube synchronized to the pulse train by the driving unit of the pulse selector.
The emission signal was recorded using a blue green copper sulphate bandpass filter. The detector used was a Horiba Scientific TBX-850 and data were analysed in a similar manner to the one photon excitation data using DAS6 software. The TPE cross-sections, expressed in Göppert-Meyer units (GM) with 1 GM = 10 -50 cm 4 s photon -1 [27] , were calculated relative to a reference fluorophore in a manner that we have previously reported [28] . Briefly to obtain the raw data the Ti:sapphire laser was tuned from 690nm to 850nm and the counts-per-second on the Horiba TBX detector recorded.
Results and discussion

Synthesis of butyric acid conjugates 7-15
Butyric acid was chosen as a model carboxylic acid drug to study the behaviour towards irradiation of the corresponding cages with several light sensitive o-nitrobenzyl or heterocyclic benzyl type 
Evaluation of the photophysical properties of butyric acid conjugates 7-15
Fundamental UV/visible photophysical characterisation was carried out to obtain the parameters required for monitoring the photolytic process. The absorption and emission spectra of degassed 10 Table 1 . Relative fluorescence quantum yields were calculated using 9,10-diphenylanthracene in ethanol ( F 0.95) [30] or a 0.05 M solution of quinine in sulphuric acid ( F 0.546) [31] as standards.
For the F determination, the fluorescence standard was excited at the wavelengths of maximum Concerning the fluorescence spectra, in all the tested solvents, it was observed that emission maxima 
Photolysis studies of butyric acid conjugates 7-15
The present work intended to profit from our gathered knowledge in the application of different (hetero)aromatic benzyl type systems as photoremovable protecting groups for a variety of relevant biomolecules. In particular, our previous findings in the photolytic release of butyric acid from different naphthoxazole, naphthopyran and oxazole fused pyran cages, revealed that these heterocyclic systems were promising mainly at short wavelengths. In order to develop a system that allows the delivery of butyric acid at longer wavelengths, heterocyclic compounds that showed interesting results with other biomolecules, as previously reported [16, 18, 24] , as well as new naphthopyrans methoxylated at different positions of the polycyclic ring, and the corresponding thionated derivatives were used in the caging of butyric acid. Photolytic studies of all the ester cages 7-15 were carried out in a Rayonet RPR-100 reactor at 254, 300, 350 and 419 nm in mixtures of methanol or acetonitrile with aqueous HEPES buffer in 80:20 solutions, with collection of kinetic data. The course of the photocleavage reaction was followed by reverse phase HPLC with UV detection. The plots of peak area (A) of the starting material versus irradiation time were obtained for each compound, at the considered wavelengths. Peak areas were determined by HPLC, which revealed a gradual decrease with time, and were the average of three runs. The determined irradiation time represents the time necessary for the consumption of the starting materials until less than 5% of the initial area was detected (Table 2 ). For each compound and based on HPLC data, the plot of ln A versus irradiation time showed a linear correlation for the disappearance of the starting material, which suggested a first order reaction, obtained by the linear least squares methodology for a straight line. The photochemical quantum yields ( Phot ) were calculated based on half-lives (t 1/2 ), molar absorptivities () and the incident photon flux (I 0 ), which was determined by potassium ferrioxalate actinometry [30] .
The results at various wavelengths of irradiation revealed the significant influence of the photoactive unit structure in the irradiation time (t irr ) necessary to release butyric acid ( Table 2) . Although a study at short wavelengths (254 and 300 nm) was carried out for comprehensiveness and the results are included in Table 2 , the main focus of the present work was the performance at 350 and 419 nm. At these wavelengths, considering the nitrogen heterocyclic system, namely acridine cage 8, it was found that the release occurred with very short t irr in methanol/HEPES when compared to acetonitrile/HEPES, which suggested the influence of the organic solvent character in this photoreaction. For the remaining oxygen heterocyclic conjugates, naphtho[2,1-b]pyrans 9-11, irradiation times were comparable in both solvent systems, with compound 9 cleaving faster at 350 nm and compound 11 at 419 nm, which can be related to the position of the methoxy substituent.
However, the best results were obtained with the 3H-benzopyran fused julolidine 12, at both wavelengths and solvent systems, as butyric acid was completely released within 4 to 6 min of irradiation. The bathochromic shift in the maximum absorption wavelengths related to the presence of the thiocarbonyl group in cages 13-15 lead to significantly shorter irradiation times at 419 nm due to an increase in the efficiency of the photolysis, in comparison to the carbonyl precursors 9-11, as expected.
<Table 2>
Additionally to monitoring the photolysis process by HPLC/UV detection, the release of butyric acid was also followed by 1 Table 2 obtained with dilute solutions.
Time-resolved studies of butyric acid conjugates 8-15
To help elucidate the photophysical processes occurring in these compounds time-resolved fluorescence measurements were performed on samples that were freshly prepared (after an initial check of the absorption and emission steady state spectra). To facilitate future (accessible using 2-photon excitation) studies, an excitation wavelength of 378nm for the compounds in acetonitrile/HEPES buffer (80:20) solution was chosen. This wavelength is between the two longer ones employed in the photoreactor and provides an excitation into the main absorption bands for each of the compounds. Measurements were made close to the peak emission and in every case the decay was found to require the sum of 3 exponential components (apart from 2 exponentials for 8).
This is indicative of the presence of different excited state species and the outcome of these measurements is presented in Table 3 . The behaviour seen is in keeping with our previous observations [19, 20, 26] Here we aim to ascertain if the fluorescence lifetime can help provide complementary information to that of the photolysis study and assume that the amount of photocleavage during the measurement is not too significant. From Table 3 it can be noted that the compound giving the highest photochemical yield (12) also exhibits the shortest average lifetime, showing that overall the non-radiative processes, ie charge transfer, can be higher in this compound. On the other hand, compound 8, considering the 350 nm values in Table 2 , has one of the lowest photochemical yields and exhibits the longest-lived average lifetime. It is a moot point in this case whether the quantity of the longestlived component relates to cleaved photoproduct, as we have previously shown using decay associated spectra and a kinetic measurement [26] , or can reflect on the strength of coupling to the conjugate. This will be the basis of further work, although the fact that 12 exhibits a high photochemical yield, while displaying the shortest average lifetime may indicate the latter. Here the photophysics will be used to assess the effect of treatment of Lawesson's reagent (ie comparison of 9,10,11 with 13,14,15 respectively). Considering the data in Table 3 
<Figure 2>
To further characterise their suitability the two-photon absorption cross-section were obtained, and these are given in Figure 3 . The probability for two-photon-excitation (TPE) depends on both spatial and temporal overlap of the incident photons. TPE spectra will usually differ from one-photon spectra as transitions that are forbidden in one case may be allowed in the other [33] . The cross sections for TPE are usually small and very high photon flux is needed for excitation. The measured GM for different fluorophores can range from 1 to 1000 GM [34] . From Figure 3 , peak values of about 8 GM for compounds 10 and 11 are obtained. Weaker cross-sections are obtained for the compounds treated with Lawesson's reagent, with TPE characteristics reaching up to 2, although their spectral response extends to longer wavelengths. However, it should also be noted that because of the uncertainty reported for the reference values [35] and subsequent error progression in the calculation these values should be treated as good estimates. Nevertheless, TPE cross-sections falling in the range of 1 to 10 GM are in good agreement with commonly used dyes [34, 36] , although weaker than those exhibited by engineered fluorescent proteins [33] . Thus it is apparent that these compounds are indeed suitable for two-photon excitation. Note that the pulse selection process has left the fundamental (80MHz) train suppressed to a level ~1% that of the selected pulse. [20] .
c The excitation was carried out at 326 nm. solution was previously reported [20] . 
